Extensive studies have been performed with debris prepared from susceptible cells in an attempt to characterize cellular receptors for enteroviruses (Holland and McLaren, 1959; Quersin-Thiry and Nihoul, 1961; Philipson and Bengtsson, 1962; Thorne, 1963) . Although these earlier studies have contributed greatly to the knowledge of enteroviral recel)tors, the disruption of the cells used may have altered the membrane structures to allow the receptors to be nonspecifically inactivated by assorted reagents. Therefore, it was reasoned that a better understanding of the nature of viral receptors and of their function in viable cells could best be elucidated by a study of living cells. In this report, we describe experiments in which enterovirus receptors of live HeLa cells were tested for resistance to inactivation by various enzymes.
1 Presented in part as a preliminary report before the American Association of Immunologists, Chicago, 14 April 1964. The material in this paper represents in part the thesis submitted by I. Zajac in partial fulfillment of the requirements for the ,Ph.D. degree. 2 Research Career Development Award Grantee of the National Institute of Allergy and Infectious Diseases, U.S. Public Health Service.
MATERIALS AND METHODS
HeLa cells. A subline of HeLa cells (designated JJH), adapted to grow in medium containing calf serum, was obtained from J. J. Holland in 1961 and was routinely used in these experiments. Another subline of HeLa cells (MBA) was purchased from Microbiological Associates, Inc., Bethesda, Md., in 1960 and was adapted to medium containing calf serum. Both cell lines were kept, in continuous cultivation in this laboratory, on the flat surface of 32-oz prescription bottles. The growth medium used for cell cultivation contained Eagle's essential and nonessential amino acids and vitamins in Hanks' balanced salt solution (BSS), with 10% calf serum, and 100 units of penicillin and 100 jig of streptomycin per ml. The pH was adjusted to 7.2 to 7.4 with sodium bicarbonate. Cells, in monolayers, were serially subcultured at weekly intervals by methods described previously (Crowell and Syverton, 1961 (Puck, Marcus, and Cieciura, 1956) . Clones of cells which developed were rinsed free from medium, stained with crystal violet (0.5% in 20% ethanol), and enumerated by use of a Quebec colony counter. The EOP was expressed as the ratio of the number of clones which contained more than 30 cells per clone to the total number of cells inoculated.
Viruses and virus assay. The origin of strains of B1, B3, and B5 coxsackieviruses and poliovirus Ti used in this investigation and the method of assay were described previously (Crowell and Syverton, 1961) .
Determination of virus attachment. Cells in monolayers were rinsed twice with phosphate-buffered saline (PBS) and suspended, by use of a rubber scraper and 0.02% ethylenediaminetetraacetic acid (EDTA), in PBS free from magnesium and calcium (Dulbecco and Vogt, 1954a) at pH 8.0. The cells were sedimented by centrifugation at 225 X g in an International centrifuge (model UV) for 5 min, resuspended in BSS, and counted. A sample containing 107 cells was transferred to a sterile test tube and centrifuged as before, and the sedimented cells were resuspended in 2 ml of growth medium. A 0.2-ml virus inoculum containing 106 plaque-forming units (PFU) was added to the cell suspension, and the mixture was incubated in a water bath at 37 C for 1 hr with intermittent shaking. After 5, 15, 30, and 60 min, a 0.1-ml portion of the cell-virus suspension was added to 10.0 ml of PBS supplemented with 5% calf serum to stop viral attachment, and the diluted cell suspensions were centrifuged at 1,100 X g for 10 min
to remove the cells. The upper 5.0 ml of the supernatant fluid, containing unattached virus, was stored at -24 C pending virus assay. For use as a standard of initial virus content, a virus control tube containing the virus inoculum and growth medium, in place of the cell suspension, was included in each experiment.
Preparation and assay of cell-associated virus (CAV * HeLa cells were washed free from growth medium and suspended; samples containing 10 X 106 cells were distributed to separate tubes. The suspensions were centrifuged, the supernatant fluid was discarded, and the cells were resuspended in 2 ml of the respective enzyme solution. Each tube immediately received 106 PFU of virus in 0.2 ml, and the amount of unattached virus was determined at intervals of incubation at 37 C. Similarly, tubes without cells were included to serve as control of virus stability. The data are expressed as per cent of input virus recovered after 60 min of incubation.
t Not done.
that of poliovirus Ti. A greater degree of inhibition of the rate of attachment of B3 virus to cells by pancreatin was found in another experiment in which enzyme was incubated with cells for 1 hr at 37 C prior to addition of virus (Fig. 1) . The knowledge that pancreatin contained chymotrypsin and trypsin, and the appearance of a publication by Philipson and Bengtsson (1962) , influenced a decision to screen crystalline preparations of trypsin and chymotrypsin for effect on rate of attachment of Ti and B3 viruses to living HeLa cells. Results of these experiments ( Fig. 2 and 3, Table 1 ) revealed that the action of chymotrypsin and trypsin for B3 virus resembled that of pancreatin. In contrast, under the conditions tested, trypsin and chymotrypsin showed no apparent ability to reduce attachment of poliovirus. Poliovirus Ti and B3 coxsackievirus were found to be stable in all of the enzyme solutions tested with the exception of collagenase, which reduced coxsackie B3 infectivity by 64 %.
The finding that trypsin did not adversely influence poliovirus attachment in the screening type of experiments was unexpected in view of observations of others in which trypsin treatment of cells reduced the ability of the cells to attach virus (Cooper, 1961) and in which trypsin and chymotrypsin inactivated enteroviral receptors on cellular debris (Holland and McLaren, 1959; Quersin-Thiry and Nihoul, 1961; Philipson and Bengtsson, 1962) . In an attempt to relate our findings to these observations and to extend the study of the effect of enzymes on living cells, a systematic investigation of the comparative effects of chymotrypsin and trypsin on the ability of HeLa cells to attach poliovirus Ti and coxsackievirus B3 was conducted.
Influence of concentration of chymotrypsin and trypsin on rate of B3 virus attachment and on cell viability. An experiment was performed to determine the effect of concentration of trypsin and chymotrypsin on the ability of live cells to attach B3 virus. The results (Fig. 4) show that maximal receptor inactivation occurred when the enzymes were used at a final concentration of 1% under the conditions tested. The use of relatively high concentrations of enzymes resulted in an increased recovery of viable cells.
Influence of cell concentration on extent of enzyme action. The finding of incomplete inhibition of attachment of coxsackievirus B3 to HeLa cells by chymotrypsin, even when tested at a concentration of 1 %, suggested that the number of cells employed was too great for the enzyme to inactivate all of the viral receptors. In an attempt to increase the inhibitory effect of chymotrypsin on attachment of B3 virus, the enzyme was tested on reduced concentrations of HeLa cells. The results of this experiment (Fig. 5) Experiments were conducted in which HeLa cells were preincubated for 1 hr at 37 C with enzyme and in which the enzyme was removed prior to the determination of the kinetics of virus attachment. The results (Fig. 7) reveal that chymotrypsin completely inhibited the ability of the cells to attach B3 virus, whereas attachment of poliovirus Ti was only partially inihibited. Conversely, pretreatment of cells with trypsin caused total inhibition of attachment of p)oliovirus Ti, whereas the rate of attachment of B3 virus was partially reduced (Fig. 8) Fenwick and Cooper (1962) . The amount of each virus obtained at pH 2.5 at zero time was considered, for reference, as the total amount of virus which would be available for release by enzyme. The results (Fig. 9) show that chymotrypsin released both B3 and Ti viruses from the * HeLa cells of the JJH or MBA sublines were suspended at a concentration of 2.5 X 106 cells per milliliter in 1% chymotrypsin, and the efficiency of plating of the cells was determined, in triplicate, at intervals of incubation at 37 C. Normal cells suspended in growth medium, containing 20% calf serum and double the usual amount of glutamine, without enzyme served as control. surfaces. On the other hand, trypsin inactivates the ability of live HeLa cells to attach poliovirus Ti and has no ability to release either virus tested from the cell surface. The specific mechanism by which enzymes inactivate the ability of cells to attach virus remains to be determined. DISCUSSION In an attempt to study enterovirus receptors on living host cells in a manner similar to that applied to myxovirus receptors of whole erythrocytes (Burnet and Stone, 1947) , crude enzyme preparations, which contained an assortment of enzymes, were used initially with the expectation that a preparation would be found which would inactivate enteroviral receptors. This approach was rewarded by the finding that pancreatin and elastase contain enzymes which inhibit the attachment of poliovirus and coxsackieviruses to HeLa cells. Results of subsequent experiments in which crystalline enzyme preparations were used showed that treatment of cells with chymotrypsin rendered HeLa cells unable to attach B3 virus, whereas the attachment of poliovirus Ti was affected minimally. Trypsin, on the other hand, was found to inactivate specifically the cellular receptors for poliovirus Ti. It is significant that this differential inactivation of enterovirus re-MINUTES FOR ATTACHMENT AT (Dulbecco and Vogt, 1954b; Cooper, 1961) (Fig. 3) . Further experiments are necessary to resolve this paradox, although it is tempting to speculate that, in the latter type of exlperiment, trypsin may have exposed additional receptors during the initial phase of its action on the cell surface.
Suspensions of HeLa cells prepared in 1% solutions of proteolytic enzymes initially became highly viscous (Easty, Easty, and Ambrose, 1960) when incubated at 37 C. The cells were observed to clump, and the pH of the fluid phase decreased. As incubation continued, the viscosity of the medium decreased, and the cells became redispersed. Weiss (1958) demonstrated that trypsinization of sarcoma 37 cells resulted in a 20% loss of the dry mass of the cells; this loss was attributed to detachment of a slime coat from the cells. Trypsinization of erythrocytes resulted in a 20 % reduction of net negative charge (Ponder, 1951) , which has been considered to be due to the release of a sialomucopeptide from the cell surface (Cook, Heard, and Seaman, 1960) . In addition to altering the surface of erythrocytes (Springer, 1963) , proteolytic enzymes act on the surface of living HeLa cells, with liberation of proteinaceous substances including myxovirus hemadsorption-reactive substance (Marcus, 1962) and species-specific antigenic material (Weiss, 1963) . Whether cellular receptors for enteroviruses are associated with these substances remains to be determined.
To account for the observed 50% reduction in the rate of attachment of B3 virus to cells treated with trypsin and for the corresponding reduction in attachment of poliovirus to cells treated with chymotrypsin, it is tempting to postulate that these results were due to a nonspecific decrease in effective cell surface area. It is also possible that the cross-reactivity of the enzymes was due to (i) inactivation of overlapping viral receptor areas on the cell surface or (ii) inactivation of a common substrate which existed in different proportions within the respective receptor areas. Nevertheless, it was concluded that poliovirus receptors on living cells can be differentiated from those for group B coxsackieviruses on the basis of differential susceptibility to enzyme action. This conclusion is consistent with previous findings, which revealed that major differences exist between receptors for group B coxsackieviruses and for polioviruses (Crowell and Syverton, 1961; Quersin-Thiry and Nihoul, 1961; Philipson and Bengtsson, 1962; Crowell, 1963a, b) .
